no associations have been reported between telomere length and exposure to nucleoside reverse transcriptase inhibitors in vivo 7, 8 . In fact, exposure to combination antiretroviral therapy has been associated with longer telomere length in individuals living with HIV. 9, 10 In observational studies, smoking, alcohol, higher body mass index, and low income have been previously associated with shorter telomeres in the general population. However, these factors were not significantly associated with telomere length among the HIVinfected participants, 4 suggesting that HIV infection masked their negative effects on telomere length. Among HIV-infected individuals, high HIV viral load set point has been independently associated with shorter telomeres in 2 independent studies. 4, 11 This is consistent with the reported association between shorter telomeres and poorer immunological recovery in persons living with HIV and achieving virological control on combination antiretroviral therapy. 12 In addition, a history of hepatitis C virus (HCV) infection has been associated with shorter telomeres in both HIV-infected and uninfected individuals. 4, 13 A recent study reported that although telomere length in HIVinfected individuals was shorter than that in uninfected persons, the slope of telomere length vs. age was no different, suggesting an acute shortening early on during the course of infection. 11 Our aim was to measure telomere length before and immediately after HIV and/or HCV seroconversion and explore whether apparent telomere shortening occurs immediately after HIV/HCV seroconversion, or rather over time throughout the chronic infection period.
METHODS

Study Sample Selection
The study sample was a subset of the Vancouver Injection Drug User Study (VIDUS), a longitudinal cohort study (1996-present) of injection drug users who provide a blood sample every 3 months. 14 
Monochrome Multiplex Quantitative Polymerase Chain Reaction
DNA was extracted from nonlive PBMC pellets using a NucliSENS easyMAG automated nucleic acid extractor (BioMérieux Canada, SaintLaurent, QC, Canada) as per the manufacturer's instructions, and stored at −20°C until used. DNA samples were masked and randomized before telomere length quantification using monochrome multiplex quantitative polymerase chain reaction assay. 15 Relative telomere length was expressed as the ratio of telomere (T) to singlecopy nuclear gene (S) (albumin) copy number, yielding the T/S ratio. The intra-assay coefficient of variation for T/S ratio, T-Ct, and S-Ct were 4.2%, 0.5%, and 0.3%, whereas the interassay coefficient of variation were 4.7%, 2.2%, and 0.6%, respectively.
Statistical Analyses
Within-individual telomere length change between the 2 time points was compared using the Wilcoxon signedrank test. Characteristics at seroconversion, as well as telomere length for the HIV, HCV, and control groups were compared using the Mann-Whitney or analysis of covariance tests. The proportion of individuals with shorter telomere length in each group was compared by the Fisher's exact test. The median time between preseroconversion (T1) sampling and seroconversion for HIV and HCV were 3 (IQR 3-8) and 4 (IQR 3-7) months, respectively, whereas the median time between seroconversion and postseroconversion (T2) sampling for HIV and HCV were 9 (IQR 8-14) and 9 (IQR 9-14) months, respectively. For controls, the 2 samples were a median 12 (IQR 12-14) months apart. There were no differences between groups with respect to sex or ethnicity. Among HCV seroconverters, 31% (5/16) were already HIV-infected, whereas 90% (46/51) of the HIV seroconverters were already HIV-infected.
RESULTS
Patient Characteristics
Telomere Length Before and After Seroconversion
After adjusting for age, there were no differences in telomere length at T1 between participants in the 3 groups [HCV: 8.5 (IQR 6.9-10.0) vs. HIV: 9.1 (IQR 7.8-11.1) vs. Controls: 9.6 (IQR 8.7-11)] (Fig. 1A) . At T2, telomere length was significantly shorter in both seroconverter groups compared with controls [HCV: 8.4 (IQR 7.2-9.9) and HIV: 8.2 (IQR 6.9-10.0) vs. Controls: 9.6 (IQR 8.8-11.2), P = 0.02 and P = 0.01, respectively] after adjusting for age. There was no difference between HIV and HCV seroconverters (Fig. 1B) .
Compared with preseroconversion, telomere length was significantly shorter (−13%) postseroconversion in those who acquired HIV [8.2 (IQR 6.9-10.0) vs. 9.1 (IQR 7.8-11.1), P = 0.02], but not among HCV seroconverters [8.4 (IQR 7.2-9.9) vs. 8.5 (IQR 6.9-10.0), P = 0.55]. Nonseroconverters were also similar at both samplings [9.6 (IQR 8.8-11.2) vs. 9.6 (IQR 8.7-11), P = 0.35] (Figs. 1C-E) . Among HIV seroconverters, 67% experienced a decline (median 20%) in telomere length while this was true for 41% of controls (median 12%) and 44% of HCV seroconverters (median 9%). A significantly greater proportion of HIV seroconverters showed telomere shortening compared with controls (P = 0.036).
DISCUSSION
Our results show that PBMC telomere shortening occurs shortly after HIV seroconversion, an observation not detected after HCV seroconversion. This suggests that the reported association between HCV and shorter telomere length may be primarily driven by chronic infection and that telomere length changes after HIV infection are more rapid.
The increased susceptibility of persons living with HIV to acquire age-associated comorbidities earlier in life suggests that accelerated cellular senescence may disproportionately affect this population. Telomere length is a well-established biomarker of cellular aging and reflects the replicative potential of cells. Consequently, quantifying telomere length may help identify persons living with HIV who are at increased risk of developing diseases associated with cellular senescence. In addition, measuring intra-individual changes in telomere length can provide information on the rapidity of disease progression. An acute telomere shortening early on in the HIV infection course has been previously reported. 13 Telomere shortening during HIV seroconversion has also been reported in a smaller sample (n = 31), using a different telomere length assay and an extended time gap (2 years) between preseroconversion and postseroconversion sampling. 16 Our study confirms this and demonstrates that rapid telomere shortening occurs quickly after HIV seroconversion, and faster than after HCV seroconversion.
Several theoretical mechanisms could explain the fast telomere shortening observed in HIV seroconverters, irrespective of their disease/treatment status. HIV-induced death of a subset of leukocytes with long telomeres could result in a residual population of cells FIGURE 1. A, Age-adjusted comparisons of telomere length at T1 (before seroconversion) among participants in the 3 groups (HIV, HCV, and nonseroconverters). There were no differences in telomere length at T1 between participants in the 3 groups. P values shown are adjusted for age. B, Age-adjusted comparisons of telomere length at T2 (after seroconversion) among participants in the 3 groups (HIV, HCV, and nonseroconverters). At T2, telomere length was significantly shorter in both seroconverter groups compared with controls. There was no difference in telomere length between HIV and HCV seroconverters. P values shown are adjusted for age. C, Telomere length of participants before and after HIV seroconversion. with shorter mean telomere length. Alternatively, certain HIV proteins can inhibit telomerase activity 17, 18 and could shorten telomeres within stem or progenitor cells, resulting in cell populations with irreversibly shorter telomeres. One small study reported reduced telomerase activity in peripheral blood lymphocytes from HIV-infected individuals. 19 Short telomeres could also be a result of excessive immune cell replication during chronic immune activation, but our results suggest that this is virus dependent and more pronounced with HIV than HCV. Our study was not designed to investigate telomere length in cell subtypes, but changes in cell subsets could lead to shorter PBMC telomere length. For example, as the proportion of memory CD8 + cells increases and CD4 + cells decreases during HIV infection, this could modulate telomere length of the PBMC compartment. In support of this, a recent study observed that HIV-infected individuals had higher percentages of senescent, activated, and exhausted CD8 T cells compared with their uninfected peers, suggesting that HIV viremia may cause rapid differentiation of naive cells and therefore greater cell turnover. 10 This could subsequently lead to an accumulation of senescent cell subtypes with short telomeres.
A major strength of our study is the availability of longitudinal samples from participants before and after seroconversion to enable paired telomere length comparisons. However, because of the rarity of such unique samples, our sample size is restricted. We lacked information on cytomegalovirus serostatus, another virus associated with shorter telomeres, but can assume that most participants were cytomegalovirus positive. Our study is also limited by the absence of other biomarkers of aging.
In conclusion, our results demonstrate that average telomere length measured in PBMCs undergoes significant shortening shortly after HIV seroconversion, and this is not seen over the same time period after HCV seroconversion, suggesting that different mechanisms modulate telomere shortening and cellular aging in these 2 infections. These findings should be replicated in a larger sample.
